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Microcrystalline silicon thin ﬁlm deposited by RF-PECVD and integrated in a tandem structure is a promising material for low cost
photovoltaic solar cells compared to solar cells based on crystalline silicon. However, in order to allow a cost-effective mass production
of solar cells based on this material, deposition processes should fulﬁll several conditions such as high deposition rate, good uniformity
over large area and efﬁcient gas utilization. In this work, it is shown that the atomic hydrogen density can be high enough to form
microcrystalline thin ﬁlms even from a pure silane RF discharge and that the pure silane regime is more efﬁcient in terms of gas
utilization. In situ Fourier transform infrared absorption and ex situ Raman spectroscopy measurements have been used to determine the
fraction of dissociated silane in the discharge and the crystallinity of the deposited layers. Results have shown that microcrystalline
silicon can be deposited uniformly on a large area substrate with a deposition rate of more than 10 A˚=s with a low powder formation and
an input power density of 0:28Wcm2 from a pure silane discharge.
Keywords: mc-Si:H; RF PECVD; Pure silane; High deposition rate; Large area1. Introduction
Microcrystalline hydrogenated silicon (mc-Si:H) semi-
conductor devices such as photovoltaic (PV) solar cells
properly prepared do not show the light-induced degrada-
tion compared to those based on amorphous hydrogenated
silicon (a-Si:H) [1]. Moreover, the lower band gap of
mc-Si:H compared to the one of a-Si:H gives a promising
future to tandem PV cells [2]. However, the indirect
bandgap of mc-Si:H means that thick mc-Si:H layers have
to be deposited compared to thin a-Si:H ﬁlms [1]. A good
deposition process for PV solar cell production has to fulﬁll
several conditions to assure cost-effective production: in
order to reduce the processing time, the mc-Si:H deposition
rate should ideally be higher than 10 A˚=s. A uniformityg author.
s: benjamin.strahm@epﬂ.ch (B. Strahm).better than 10% over large area glass substrates (typically
1m2) has to be achieved in terms of thickness and material
crystallinity. Moreover, powder formation in the discharge
has to be avoided, because of the down time due to system
(reactor, pumps, etc.) maintenance, non-uniformity of the
deposited ﬁlm due to powder clouds and furthermore, the
potential health problem associated with ﬁne particles.
Polysilane formation also reduces the silane gas utilization
efﬁciency by consuming the raw material (silicon atoms)
needed for the ﬁlm growth and, hence, it is difﬁcult to reach
high deposition rates in dusty conditions or with a high
rate of polysilanes formation. In order to reduce problems
associated with powder formation [3], ﬁlm damage by
high energy ion bombardment [4], arcing and parasitic
plasmas [5], it would be desirable to apply a low RF input
power. With regard to these observations, the ultimate
cost-effective mc-Si:H deposition process should fulﬁll ﬁve
conditions: the deposited ﬁlm should be uniform over large
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2areas, deposited at high rate with a high gas utilizatio
efficiency from a powder-free plasma with low powe
density.
Deposition of mc-Si:H on large area substrates
generally performed by chemical vapor deposition (CVD
techniques such as hot-wire CVD and plasma-enhance
CVD (PECVD) from low silane (SiH4) concentratio
(o10%) mixtures in a hydrogen (H2) background. Th
strong hydrogen dilution technique has been introduce
because of the primary role of atomic hydrogen in th
growth of microcrystalline silicon. The ﬂux of hydroge
atoms to the growing surface has to be large compared t
the silane radical ﬂux in order to grow crystalline materia
In the hydrogen dilution technique, the large atomi
hydrogen ﬂux to the surface compared to the silane radica
ﬂux is guaranteed by the large initial pressure of H
compared to the SiH4 partial pressure. However, nothin
prevents mc-Si:H deposition from pure silane plasma
because the deposition conditions depend on the plasm
composition [6], which is very different from the inpu
silane concentration in highly depleted plasmas, as show
by crystalline material deposited by high power densit
PECVD in small size reactors [7–10] from pure silane
Previous work [11] has shown that with a large initial silan
concentration and a high depletion of silane in the plasma
the silane partial pressure in the plasma becomes as low a
in strongly hydrogen-diluted plasmas. Hence, a simila
ratio of atomic hydrogen to silane radical ﬂuxes to th
surface can be reached even with a large (410%) initia
silane concentration.
In spite of the promising gas utilization efﬁciency of pur
silane processes [8], up to now mc-Si:H deposition ove
large areas has been investigated only for the conventiona
hydrogen-diluted regime [12,13], and a pure silane proces
has never been tested in systems larger than sma
laboratory reactors. Even in these small reactors, th
highest deposition rate recorded is less than 10˚A=
although higher deposition rates of solar grade materia
have been demonstrated in the case of the hydrogen-dilute
regime [14–16].IR
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Fig. 1. (a) Top view of the 47 57 cm2 PECVD reactor, vacuum chamber a
lateral view of the deposition reactor with the RF electrode suspended in tThe aim of this work is to show the feasibility of th
deposition of mc-Si:H from pure silane plasma on larg
area substrates with a high gas utilization efﬁciency, henc
coming closer to the ultimate cost-effective process for PV
mass production. In this work, a large area industria
plasma reactor with an in situ Fourier transform infrare
(FTIR) absorption diagnostic was used to measure th
plasma composition which is a determining factor for th
deposited material microstructure (Section 3.1). Section
3.2 and 3.3 will present the results of the ﬁlms crystallinit
and plasma composition as a function of the initial silan
concentration. In particular it will be shown that hig
deposition rates with high efﬁciency of gas utilizatio
without wasting a large fraction of silane gas to the pump
or as powder can be attained even with high input silan
concentration. Finally, a simple method to estimate th
polysilane or powder fraction lost in the pumping line wi
be presented in Section 3.4.
2. Experimental setup and methods
The experimental arrangement presented in Fig.
consists of a radio-frequency (RF) capacitively couple
plasma-enhanced chemical vapor deposition (PECVD
reactor equipped with an in situ FTIR absorption spectro
meter. The plasma reactor is a modiﬁed version of a
industrial KAI-S reactor based on the PlasmaBoxs
concept [17] developed by UNAXIS Ltd. for large are
substrates (37 47 cm2). It consists of a grounded 47
57 cm2 aluminum box placed in a large vacuum chambe
The RF powered electrode is suspended inside th
grounded box at a distance of 25mm from the grounde
base (Fig. 1(b)). Process gases (silane and hydrogen) ar
introduced into the reactor through the RF electrode via
uniform showerhead and are pumped out from one sid
through a pumping grid in order to provide a uniform
distribution of all gases over the whole substrate area [18
Experiments were performed where the silane concentra
tion was varied from 2.7% to 100% corresponding to
hydrogen ﬂow rate from 3000 to 0 sccm. Depositions werto pump
ly
RF electrode
3 mm glass substrate 
(37 cm x 47 cm)
25 mm
grounded box 
(inside dimensions 
47 cm x 57 cm)
b
nd FTIR equipment used to measure the silane density in the exhaust line; (b)
he grounded aluminum box.
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Fig. 2. (a) IR absorption spectra of silane without (solid line) and with (dashed line) discharge for a 2% SiH42H2 mixture at 4mbar (taken from Ref. [11])
and (b) calibration curve measured from pure silane gas as a function of pressure used to determine silane partial pressure with and without plasma in the
reactor.
3performed on 3mm thick glass substrates (37 47 cm2)
at an excitation frequency of 40.68MHz, a substrate
temperature of 230 C, and within a pressure range from
0.5 to 10mbar. The RF power input was varied from 150 to
2000W. The reactor was cleaned before each deposition
with a chemical etching plasma, using SF6, to guarantee
reproducibility.
In situ FTIR absorption spectroscopy (Bruker Equinox
55 with an external detector Graseby type FTIR-W24)
was performed by a single pass (path length of 1m)
measurement in the exhaust line of the reactor through two
ZnSe windows, as shown in Fig. 1(a). This arrangement
was used to determine the partial pressure of silane in
the exhaust ﬂow with, pSiH4 , and without, p
0
SiH4
, dis-
charge in the reactor. These pressures were measured
by integrating the IR absorption spectra (Fig. 2(a))
from 2199 to 2163 cm1 (SiH4 Q branch) and by using
a calibration curve performed with pure silane gas
(without any H2 dilution) for pressures from 0.05 to
6mbar (see Fig. 2(b)). The silane concentration in the
plasma is deﬁned as
cp ¼
pSiH4
p
, (1)
and the silane initial concentration c is deﬁned as
c ¼ p
0
SiH4
p
, (2)
where p0SiH4 is the silane partial pressure without plasma
and p is the total pressure which is maintained constant
during the measurement. This deﬁnition of the initial silane
concentration in terms of pressures instead of ﬂow rates
avoids errors due to possible different pumping speeds of
silane and hydrogen. The silane concentration in the
plasma, cp, can be related to the silane depletion fraction
D and the input silane concentration c for uniform
showerhead reactor with uniform plasma only [11,18]
cp ¼ ð1DÞc, (3)
where the silane depletion fraction D in the discharge isdeﬁned as
D ¼ p
0
SiH4
 pSiH4
p0SiH4
. (4)
Further details on FTIR measurements of silane in plasma
are described by Sansonnens et al. [19].
Deposition rates were measured in situ by monochro-
matic light interferometry at the center of the substrate and
the deposition time was adjusted in order to have a ﬁlm
thickness of approximately 200 nm. This thickness guaran-
tees that the ﬁnal microstructure is reached since, in our
system, the plasma chemical equilibrium is attained in less
than 1 s after plasma ignition, as observed by optical
emission spectroscopy. This means that the microstructure
evolution due to plasma variation during deposition is
conﬁned to the ﬁrst atomic layers of the ﬁlm, even for high
deposition rates. Thickness uniformity measurements were
performed on the 3mm thick glass substrate. The
uniformity was measured on the whole substrate area by
white light interferometry. Micro-Raman spectroscopy
(Renishaw RM series Raman microscope) was used to
determine the crystallinity factor fc of the deposited
material as the ratio of the area of the Raman peaks
associated with crystalline materials centered at 510 and
518 cm1 to the total peak area including the amorphous
peak centered at 480 cm1 [20].3. Results and discussion
3.1. Microstructure and plasma composition
The Raman crystallinity of ﬁlms deposited under various
conditions (total gas ﬂow rate from 0.5 to 4 slm, pressure
from 0.5 to 10mbar, silane initial concentration from 0.5%
to 10% and RF power input from 500 to 2000W) is plotted
against the initial silane concentration, c, in Fig. 3(a).
These results show that the input silane concentration
alone is not a relevant factor for the determination of the
deposited material microstructure if the other deposition
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Fig. 3. Plot of Raman crystallinity as a function of (a) the input silane concentration c and (b) the silane concentration in the plasma cp and (c) two-
dimensional representation of the three microstructure regions as a function of depleted silane fraction D and input silane concentration c. Data are sorted
as a function of their crystallinity: mc-Si:H () for fc450% and a-Si:H () for fco50%. The transition zone is only valid for the substrate temperature
used for experimental results (T s ¼ 230 C). Taken from Ref. [11].
4parameters are not ﬁxed as has been done in many work
[21–25]. On the other hand, if the crystallinity of the sam
samples is plotted as a function of the silane concentratio
in the plasma, cp, as in Fig. 3(b), samples are arranged int
three distinct regions. A microcrystalline region (cpo0:5%
is separated from an amorphous region (cp41:2%) by
transition zone where the material crystallinity is not we
deﬁned and can have values from 0 to 75%. The fact tha
the silane concentration in the plasma depends on the inpu
silane concentration c and on the silane depletion fractio
D through Eq. (3) allows a two-dimensional representatio
of the three regions as presented in Fig. 3(c).
3.2. Effect of H2 dilution on the deposition rate and silane
gas utilization fraction
Experimental data presented in Fig. 3 show that cp is
relevant parameter for the determination of the micro
structure transition, but the range in silane concentratio
(0–10%) was limited to concentrations conventionally use
to deposit mc-Si:H ﬁlms. However, Eq. (3) predicts mc-Si:H
deposition even from a pure silane plasma (c ¼ 1), if th
silane depletion D is sufﬁciently high (D40:995) t
maintain cpo0:5%. Physically, this is because a highl
depleted silane plasma consists mostly of hydrogen [6,11
and, therefore, the plasma chemistry behaves similarly to
low depletion plasma with a strong hydrogen dilution. T
reach such high silane depletion, the dissociation rate an
the gas residence time have to be as high as possible
Moreover, with a high depletion plasma, it is onl
necessary to feed into the reactor the required silane ﬂow
to reach a target deposition rate, because all the silan
molecules are dissociated and deposited. Hence, we ca
estimate the deposition rate for a given silane ﬂow rateassuming that every silicon atom ﬂowing into the reactor
deposited uniformly on the reactor surface (no silane, SiH
radicals nor polysilanes is pumped out) and that th
deposited layer has a density r of 2180 kgm3 [26], then th
maximum possible deposition rate (Rmax) is given by
Rmax ¼ FSiH4VmSi
Ar
ðm=sÞ ¼ 0:0962FSiH4
A
ð˚ A=sÞ, (5
where A is the total area of the reactor surface facing th
plasma in m2 and V the reactor volume in m3, FSiH4 an
FSiH4 the silane ﬂow rate in molm
3 s1 and sccm
respectively, and mSi the mass of the silicon atom in kg
Thus, if we ﬁx the target deposition rate at 10˚A=s an
assume a maximum loss fraction of 25% of the input silan
ﬂow rate, the required input silane ﬂow rate is 82 sccm fo
the KAI-S deposition reactor with an electrode area o
0:593m2. For all the following results, the silane ﬂow rate
ﬁxed at 82 sccm (Rmax ¼ 13:3˚ A=s) and therefore, the onl
way to reach the pure silane regime from the standard H
diluted one is by decreasing the H2 ﬂow and, hence
increasing the silane input concentration.
Results performed with an input power of 1000W and
pressure of 2mbar presented in Fig. 4(a) show that a
samples from c ¼ 2:7% to 100% (H2 ﬂow from 3000 t
0 sccm) correspond to the microstructure transition regio
with a crystallinity factor of around 50%. Moreove
reduction of the hydrogen ﬂow rate increases the depos
tion rate by a factor up to 3.5 (Fig. 4(b)). This increase o
the deposition rate with the silane concentration (at
constant silane ﬂow rate) can be explained by the reductio
of silane pumping loss due to the increase of the ga
residence time by reducing the total ﬂow rate. Th
deposition rate and the silane depletion as a function o
silane initial concentration can be deduced (dashed lines i
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Fig. 4. (a) Plot of the transition zone and experimental data for mc-Si:H () and a-Si:H () samples as a function of the silane depletion and the silane
concentration. (b) Measured (; ) and modeled (- - -) deposition rate (top) and silane depletion (bottom) as a function of silane concentration from 2.7%
to 100% in hydrogen. All samples were deposited with a silane ﬂow rate of 82 sccm, a total pressure of 2mbar and an input power of 1000W.
5Fig. 4(b)) from the silane dissociation efﬁciency Z,
(corresponding to the dissociated fraction of the silane
ﬂow) introduced in Refs. [6,11]:
Z ¼ D
1þ ð1DÞc , (6)
and by using constant silane ﬂow rate, pressure and
dissociation frequency and assuming a probability that
silane dissociation products contribute to ﬁlm growth
of 0.75 (see Section 3.4). The previous expression can be
re-written using Eq. (3) as
Z ¼ 1 cp=c
1þ cp
, (7)
showing that the maximum silane dissociation efﬁciency is
reached for pure silane (c ! 1) for a given material
crystallinity (constant cp [11]).
Moreover, experiments presented in Fig. 4(b) are in good
agreement with the previous equations and show clearly
that in terms of silane utilization efﬁciency, pure silane
plasmas are the most efﬁcient. Thus, microcrystalline
silicon (fc ¼ 60%) has been deposited from a pure silane
plasma at a rate of 10:5 A˚=s corresponding to the target
deposition rate ﬁxed previously.
3.3. Pure silane regime optimization
To optimize the pure silane regime, the only remaining
adjustable process parameters are the RF input power and
the working pressure. The effects of the RF input power on
the deposition rate and on the silane depletion (and thus on
the crystallinity) are presented in Fig. 5(a). We can
distinguish two different regimes separated by a maximum
in the deposition rate (12:3 A˚=s) at a RF power input of
500W. For lower power densities, since the silane ﬂow rate
is constant, the deposition is rate limited by the lack of
availability of silane dissociation products for deposition,because the silane depletion fraction is low (down to 0.547
at 150W in Fig. 5(a)) and the silane concentration in the
plasma remains too high for mc-Si:H deposition for such
low depletion. On the other hand, for higher power
densities, when the silane depletion fraction approaches
one, the deposition rate falls because part of the dissocia-
tion products are lost in the pumping line in the form of
polysilanes or powder. The transition from a-Si:H to mc-
Si:H deposition in Fig. 5(a) takes place between 500 and
750W, corresponding to a relatively low power density of
0:1920:28Wcm2. Moreover, the deposition rate at the
transition from a-Si:H to mc-Si:H, 11:5 A˚=s, is the closest to
the maximum possible deposition rate (13:3 A˚=s if all silane
is dissociated and deposited uniformly).
Results of deposition performed at a RF power input of
1 and 2 kW for pressures from 0.5 to 4mbar are presented
in Fig. 5(b) and show a maximum in deposition rate for a
pressure of 2mbar. At higher pressures, for both power
levels, deposition rates decrease slightly with pressure. We
believe that this is mainly because of the higher powder
formation caused by the increase of silane dissociation
product density and not because of a pressure dependence
of the power coupling since the silane depletion fraction is
stable around one (bottom Fig. 5(b)). The strong decrease
in deposition rate when the pressure is decreased from 2 to
1mbar is also not attributable to a reduction of the silane
depletion and has also been observed for H2 diluted
plasmas [14,27]; it could be induced by a non-uniform
plasma in the reactor with a higher density plasma around
the glass substrate at low pressure, hence consuming more
silane without affecting in a signiﬁcant manner the
thickness uniformity over the substrate area. The down-
ward shift in deposition rate over the whole pressure range
between the two curves performed at 1 and 2 kW, can be
plausibly attributed to the higher powder formation at
higher power input [3] as seen in Fig. 5(a). Even if the step
in deposition rate between 1 and 2mbar is not well
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Fig. 6. Thickness uniformity measured by light interferometry for
deposition performed at 500W at a pressure of 2mbar and a silane ﬂow
rate of 82 sccm.
6understood, Fig. 5(b) conﬁrms that the so-called ‘‘high
pressure depletion’’ regime [7,14,28] is interesting in term
of deposition rate and that—for the power inputs used—
the pressure has no major effect on the crystallinity and a
mc-Si:H samples have a crystallinity factor between 50%
and 60% and even transition samples () contain
crystalline fraction of 46% and 36% for the samples a
0.5 and 1.25mbar (see Fig. 5(b)), respectively.
3.4. Estimation of the polysilane or powder quantity
In Section 2, the silane ﬂow rate was calculated in orde
to achieve a deposition rate of 10˚A=s. For the estimate o
82 sccm, it was assumed that (i) almost all the silane
consumed in the plasma, but that a fraction of up to 25%
of the dissociation products is lost in the pumping line i
the form of powder or polysilanes and (ii) the depositio
rate (and thus the ﬁlm thickness) is uniform over the whol
electrode area including the substrate. In a totall
polysilanes or powder pumping free process (i.e. all S
atoms contribute to ﬁlm growth) with an input silane ﬂow
rate of 82 sccm, according to Eq. (5), the maximum
achievable deposition rate is 13:3˚ A=s. Deposition rate
above 10˚A=s observed in Fig. 5(a) and (b) can be du
either to processes producing a very small fraction o
polysilanes (less than 25%) or to a non-uniform depositio
rate distribution.
Deposition at 500W (2mbar, 82 sccm of silane) show
that the ﬁlm thickness uniformity, presented in Fig. 6,
15% over the whole substrate area (including the non
uniformities due to the edge of the substrate and to th
perturbation by the pumping side (see Fig. 6)). If only th
central part ð27 37 cm2Þ of the substrate is considere
(dashed rectangle in Fig. 6), the deposition rate non
uniformity falls to 4%. Similar uniformities have beefound for depositions at different conditions (pressure
power, etc.) using pure silane. With regard to thes
observations, we can assume that the deposition rate
uniform over the whole substrate area in the range o
around 10% without taking into account the local effec
of the substrate edge.
Because of this good uniformity, the deposition rat
measurement can be used with the silane input ﬂow rat
and the depletion measurement to estimate the fraction o
the input silane ﬂow rate transformed into powder o
polysilanes which are lost in the pumping line. In fact, th
silane ﬂowing into the reactor can be affected in thre
different ways: (i) a fraction of SiH4 is not dissociated an
is pumped out without having any reaction with reacto
walls or other gas molecules, (ii) a fraction of SiH4
dissociated and is deposited and thus contributes to th
deposition rate, or (iii) a fraction of SiH4 is dissociated an
ARTICLE IN PRESS
Fig. 7. Schematic representation of overall silane utilization. An input
silane molecule can be either undissociated, dissociated and transformed
into polysilanes or powder, or dissociated and contribute to ﬁlm growth.
7is pumped out in the form of polysilanes or dust particle.
As summarized in Fig. 7, the fraction of undissociated
silane ﬂow rate corresponds to (1 Z), where Z is the
dissociation efﬁciency (Eq. (6)), the fraction of silane that
contributes to ﬁlm growth rate corresponds to f Z, where f
is the deposition rate efﬁciency, i.e. the probability that
silane dissociation products contribute to ﬁlm growth, and
ﬁnally the fraction of silane transformed into polysilanes or
powder which are lost in the pumping line corresponds to
ð1 f Þ  Z.
The fraction f Z of the silane ﬂow that contributes to ﬁlm
growth rate is represented by the ratio R=Rmax of the
measured deposition rate to the maximum possible
deposition rate (Eq. (5)). Using the deﬁnition of Z in
Eq. (6), we ﬁnally obtain an experimental estimation of the
fraction of the silane input ﬂow transformed into
polysilanes or powder that is pumped away
ð1 f ÞZ ¼ D
1 ð1 DÞc 
R
Rmax
. (8)
According to the 15% non-uniformity of the deposi-
tion rate mentioned previously, the maximum powder
fraction for depositions performed at 500W (a-Si-H,
12:3 A˚=s, 2mbar) and 750W (mcSiH, 11:5 A˚=s, 2mbar)
are 9% and 19%, respectively, which remains below
the initial assumed threshold value (25%) of silane
losses (Section 2). Note that this fraction does not
give any information about the size of the polysilanes or
powder particles.
4. Conclusions
The silane concentration in the plasma in a large
area PECVD reactor has been determined using an in
situ FTIR absorption measurement. Based on these
measurements we have shown that the silane concentration
in the plasma is a relevant factor to predict the
microstructure of the deposited material and that it can
be small enough even using pure silane in a RF discharge to
allow microcrystalline silicon deposition as proven by ex
situ Raman spectroscopy. To achieve such deposition
without excessive RF input power, the silane ﬂow rate has
to be judiciously adjusted in order to have the lowest totalﬂow rate as possible (the highest residence time), but with a
sufﬁcient silane ﬂow rate to reach the target deposition
rate. This approach fulﬁlls the basic conditions of a
suitable cost-effective process: a uniform layer (15%) of
microcrystalline silicon has been deposited over a large
substrate ð37 47 cm2Þ at high rate (11:5 A˚=s) with an
efficient gas utilization from a discharge producing a low
amount of powder (19% of powder) with a low power input
(750W).Acknowledgments
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